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Summary
Objective: To use diffusion tensor MR micro-imaging to observe differences in magnitude and anisotropy of water diffusion between ‘healthy’
cartilage and cartilage enzymatically degraded to simulate arthritic damage.
Methods: Diffusion tensor images (156 156 mm in-plane resolution, 2 mm slice thickness) of bovine cartilage were obtained at either 4.7 or
7.0 T using pulsed ﬁeld gradient spin echo sequences. The parameters determined were: maximum and mean diffusivity, direction of the max-
imum diffusion eigenvector with respect to the normal to the articular surface and fractional anisotropy (FA) of diffusion.
Results: Both maximum and mean diffusion eigenvalues were found to decrease, respectively, fromw1.95 109 and 1.80 109 m2 s1 at
the articular surface to w1.08 109 and 0.79 109 m2 s1 in the deep zone. A systematic change was observed in the direction of the
eigenvector corresponding to maximum diffusivity, reﬂecting the expected change in orientation of the collagen macroﬁbrillar bundles. Deg-
radation with trypsin to remove proteoglycans resulted in a 10e15% increase in apparent diffusion coefﬁcient of water in the cartilage, with no
apparent change in FA.
Conclusions: These methods have the potential to be used to probe local changes in tissue microstructure and the hydrodynamic status of
cartilage during development of osteoarthritis.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Despite extensive research, the fundamental processes un-
derlying the progression of osteoarthritis remain poorly
understood and our ability to improve treatment regimes is
limited by the ability to accurately detect and monitor carti-
lage damage. At present, clinical magnetic resonance imag-
ing (MRI) studies of arthritis are largely conﬁned to the
assessment of cartilage volume and thickness and provide
only limited information on the state of articular cartilage1,2.
However, MRI has the potential to provide functional as well
as anatomical information and is particularly suited to inves-
tigating the nature of ﬂuid dynamics in cartilage through its
ability to distinguish between moving and stationary ﬂuids3.
Fluid dynamics in the cartilage plays an important role in the
overall mechanical function of the joint4 and may form the
basis of a new approach to diagnosis. In avascular tissues
that exhibit a high degree of structural anisotropy, such as
the ﬁbre cells of the eye lens or the collagen ﬁbre architec-
ture in articular cartilage, diffusion tensor imaging (DTI) can
also be used to non-invasively probe the underlying
microstructure5.
Recent research has touched on the diffusion properties of
water in articular cartilage6e9. Burstein et al.6 reported
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Received 15 June 2005; revision accepted 5 March 2006.8increases in apparent diffusion coefﬁcient (ADC) following
enzymatic degradation of cartilage with trypsin, while me-
chanical compression of the tissue resulted in a reduction in
ADC. These authors did not attempt to image the spatial dis-
tribution of diffusion, and reported no signiﬁcant dependence
of ADC on sample orientation. Xia et al.7 investigated the ef-
fects of both enzymatic and chemical degradation on canine
cartilage. Treatments with trypsin, hyaluronidase and colla-
genase were all found to increase ADC, while retinoic acid
had no effect. The increases in diffusion following enzymatic
degradation were explained by the possibility of micro-pores
or cavities being introduced into the disrupted cartilage ma-
trix, resulting in enhanced water mobility. Xia et al.7 also ob-
served an increased ADC of w25% in the superﬁcial zone
of a sample of osteoarthritic canine shoulder cartilage, with
the effect penetrating to a depth ofw300 mm,but in their stud-
iesof artiﬁcial degradation, they foundnocorrelation between
changes inADCandglycosaminoglycan (GAG) loss.Knauss
et al.8, using a spectroscopic (non-imaging) method, demon-
strated a dependence of bulk diffusion coefﬁcient in porcine
articular cartilage on diffusion time and showed that for short
diffusion times the ADC was a function of tissue water con-
tent. The study of Mlyna´rik et al.9 correlated variations in
ADC with a reduction in the proteoglycan content of arthritic
human knee cartilage as measured by Gd-DTPA enhanced
T1 mapping and safranin-O staining of histological sections.
However, all of these authors measured ADC of water in car-
tilage for just one (usually unspeciﬁed) direction of the diffu-
sion gradient. This approach is likely to be of limited value
in articular cartilage because diffusion of water in the highly75
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can thereforeonly be fully characterised in termsof adiffusion
tensor11.
When diffusion is anisotropic as can be expected to occur
in the structurally aligned collagen ﬁbrillar architecture of
cartilage10, the self-diffusion of the water protons must be
characterised by a 3 3 tensor, describing both the magni-
tude and direction of the diffusion in 3-dimensional space. In
one very recent study, Filidoro et al.12 demonstrated that
the DTI method can be employed to measure diffusion an-
isotropy in human cartilage and that the direction of the
eigenvectors corresponding to maximum diffusion reﬂects
the alignment of collagen ﬁbres.
Changes in cartilage architecture brought about by ar-
thritic decay are expected to result in changes to the porous
structure of the tissue and correspondingly to bring about
variations in both magnitude and anisotropy of diffusion.
Observation of such changes in diffusion anisotropy may
in turn be used to monitor disruption of the tissue micro-
structure. We have previously used DTI to characterise
the self-diffusion of water and provide information on tissue
structure and morphology, in the human eye lenses5 and in
wood13, both of which show highly anisotropic restrictions to
diffusion.
Materials and methods
SAMPLE PREPARATION
Samples of bovine knee joints from animals aged 18e30
months were obtained fresh from a local abattoir. Using
a scalpel and saw, articular cartilage was removed from
the medial condyle of the patellar (trochlear) groove on
the femur, full depth, to include a portion of the underlying
subchondral bone. Each oval sample (ca. 12 15 mm)
was shaped to enable the sample orientation to be repli-
cated after enzymatic treatment to ensure imaging took
place in the same plane. A total of 15 individual specimens
were used in the MRI study and six similar samples from the
same joints were used for histological analysis of proteogly-
can loss. Samples were maintained prior to analysis in Min-
imum Essential Medium with Earle’s salts (Sigma, M-0275)
supplemented with 100 U/mL penicillin and 100 mg/mL
streptomycin (Sigma, P4458), 70 mg/mL L-ascorbic acid
(Sigma, G3126), and 200 mM L-glutamine (Sigma,
A4034)14 and were imaged both before and after enzymatic
treatment. Enzymatic treatments with trypsin (Sigma,
T4665, 0.1 g/mL) were performed overnight (14 h) at
37(C in an orbital incubator.
SAFRANIN-O STAINING AND OPTICAL ABSORBANCE
MEASUREMENTS
Samples for histological analysis were frozen until re-
quired for staining and optical absorbance measurements,
then defrosted and removed from the bone using a scalpel.
The samples were aligned so sections matched the plane
used for MRI analysis and then partially embedded in opti-
mal cutting temperature medium, frozen using liquid nitro-
gen and microtomed to a thickness of 15 mm at 14 to
15(C. The cut sections were placed on transparent mi-
croscopy slides and stored in a constant humidity environ-
ment. Edges of the cut sections were ﬁxed with wax to
reduce lifting and moving of samples during analysis.
Optical microscopy was carried out on a Nikon Labophot-
pol microscope ﬁtted with a blue 1 W LED light source
(lw 475 nm, Dlw 25 nm, LumiLED, USA), using a 5objective and 10 bit digital camera (S.V.Micro, Sound
Vision, Framingham, MA). The sections were ﬁxed in 95%
ethanol and images taken of a region of interest (ROI).
The GAG chains of the proteoglycans were then stained us-
ing 0.1% w/v safranin-O and a post-staining image taken of
the same area. Absorbance images were obtained by tak-
ing the negative of the logarithm of the ratio of the stained
image to the unstained image. Proﬁles were then taken
by averaging absorbance values across a 0.4 mm width
ROI through the cartilage section, from articular surface to
the region of detachment from bone. Proﬁles were then fur-
ther averaged over increments of 0.05 in the normalised
depth, as derived from the corresponding MRI thickness
data.
MAGNETIC RESONANCE IMAGING
MRI experiments were undertaken at 25.0 0.1(C on
a Bruker Avance nuclear magnetic resonance (NMR) spec-
trometer (Bruker BioSpin, Rheinstetten, Germany) using
either a 4.7 T horizontal bore or 7.0 T vertical bore magnet
system, equipped with a 1.1 Tm1 (110 G cm1) gradient
set and 15 mm ‘birdcage’ RF resonator. Specimens for test-
ing were immersed in physiological saline inside a 15 mm
NMR tube with Teﬂon plugs designed to position the car-
tilage sample so that the normal to the articular surface was
oriented at 55( to the static magnetic ﬁeld B0. This enabled
us to take full advantage of the ‘magic angle’ effect15,16 in
maximising the spinespin relaxation time T2 and ensuring
relatively uniform signal to noise ratio (SNR) in the ADC
maps. Diffusion-weighted images were acquired with a recy-
cle time TR¼ 2 s and 4 averages on the 7.0 T system or
TR¼ 500 ms and 64 averages on the 4.7 T system, using
a 2 mm slice thickness, a ﬁeld of view (FOV) of
20 20 mm and a 128 128 matrix, with the diffusion gra-
dient duration d¼ 2 ms.
Two imaging sequences were employed; one was
a pulsed ﬁeld gradient prepared spin echo sequence
(PGSE), written in-house, whereby the bulk magnetisation
was prepared using a Stejskal and Tanner17 pulsed ﬁeld
gradient segment, with the resulting magnetisation stored
back along B0, followed by a conventional spin echo imag-
ing sequence. This sequence avoids the problem of ‘cross
terms’ between the diffusion and imaging gradients. The
other sequence (DIFFSE), supplied by Bruker, interleaves
the diffusion gradients with the spin echo imaging gradients
giving rise to contributions to diffusive attenuation due to the
gradient cross terms, for which corrections were applied.
In order to investigate the effects of varying the diffusion
time, the combination of echo time TE, diffusion gradient
strength, G, and diffusion gradient separation time, D, was
varied in such a way as to maintain a relatively constant
b value, or constant diffusion weighting11. In all instances
the resulting signal from the cartilage was between 20
and 30% of the corresponding signal in the absence of
diffusion gradients (S0). Using the interleaved diffusion
sequence, this enabled the effective diffusion time D to be
incremented over the range between 8 and 30 ms. For
values of D greater than 30 ms the SNR of the images
became too low for meaningful analysis due to the inﬂuence
of T2. This led to values of TE/D/G/b (ms/ms/T m
1/
109 s2 m1)¼ 13.3/8/0.70/1.10; 23.3/18/0.50/1.24 and
35.3/30/0.35/1.03, respectively, with b values in the region
of 1 109 s2 m1. For the given values of D (8, 18 and
30 ms), the mean diffusion distances are determined via
the Einstein equation, as
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DD
p  6, 9 and 12 mm, respec-
tively, where D for water is 2.29 109 m2 s1 at 25(C18.
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the molecular distances of interest, namely the separation
and dimensions of the collagen ﬁbre bundles, which are re-
ported to be in the order of 10 mm in diameter19.
COMPUTATION AND REPRESENTATION OF DATA
The diffusion tensor images were calculated from the
seven requisite diffusion-weighted images11 using in-house
Matlab code (The Mathworks, Natick, MA) written for the
purpose. The data sets were zero-ﬁlled to 256 256 for
Fourier transformation. In order to speed computation and
improve image clarity, a mask generated from the zero dif-
fusion gradient (S0) image was then applied to remove sig-
nals below a threshold set to be midway between that of the
(partially saturated) signal from saline solution surrounding
the sample and that of the cartilage. This also served to re-
move signal from the subchondral bone so that diffusion
tensor images were only calculated over the region of the
cartilage. After matrix diagonalisation, magnitude sorting
of the principal eigenvalues such that D1D2D3, was
employed to extract for each voxel the maximum eigen-
value, D1 and corresponding eigenvector, 31. In order to
represent the salient features of the 3-dimensional tensor
in the form of 2-dimensional images, we have adopted an
approach that presents the eigenvalues and eigenvectors
separately. Speciﬁcally, the maximum component of the dif-
fusion tensor, representing the magnitude and direction of
least restricted diffusion was chosen, as it was expected
to reﬂect the orientation of the collagen ﬁbre bundles and
is therefore of most interest. Figures were prepared on
a pixel-by-pixel basis, showing in one image the magnitude
of diffusion along the principal axis (i.e. the principal eigen-
value, D1) and in a separate image the angle q between the
principal eigenvector, 31 and the normal to the articular sur-
face of the cartilage. Note that this approach treats all pixels
in which the eigenvector corresponding to maximum diffu-
sivity makes the same angle with the surface normal equally,
irrespective of the orientation of 31 with respect to the imag-
ing plane. In addition, the mean diffusivity ðDÞ and fractional
anisotropy (FA) were calculated from the eigenvalues, on
a pixel-by-pixel basis, using the following relations20:
D ¼ 1=3ðD1þD2 þD3Þ
FA¼
ﬃﬃﬃ
3
2
r

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðD1 DÞ2þðD2 DÞ2þðD3 DÞ2
ðD1Þ2þðD2Þ2þðD3Þ2
s
:
Results
A representative image showing the orientation of the
cartilage specimens with respect to the magnetic ﬁeld is
shown in Fig. 1, highlighting the ROI chosen for diffusion
tensor analysis. Orientation of the sample at the ‘magic an-
gle’, removes the characteristic banding associated with the
orientation dependence of T2
15,16, resulting in a relatively
uniform signal intensity across the full depth of the cartilage
and maximising the SNR for the diffusion-weighted images
used in computing the diffusion tensor.
Typical diffusion tensor images, acquired using the
DIFFSE sequence and a diffusion time D¼ 8 ms, for a sam-
ple of fresh (undegraded) bovine cartilage are shown inFig. 2. In order to make the images clearer, the isotropic
diffusion of water in the saline solution surrounding the
sample has been artiﬁcially set to zero, as has that in the
subchondral bone, for which low signal prevented an accu-
rate determination of the diffusion tensors. The eigenvalue
maps corresponding to the maximum component of the dif-
fusion tensor D1 [Fig. 2(A)] indicate that the magnitude of
diffusion is consistently greatest at the articular surface,
gradually decreasing to a minimum in the deep zone. Fig-
ure 2(B) shows a map of the mean diffusivity ðDÞ for the
sample, which also exhibits a gradual decline in the rate
of diffusion with increased depth from the articular surface.
Figure 2(C) shows the angle q between the normal to the
articular surface and the direction of the eigenvector corre-
sponding to maximum diffusion, while Fig. 2(D) displays the
FA of the diffusion tensor. In general, the results for the
images obtained with diffusion time D¼ 18 or 30 ms were
similar to those shown for D¼ 8 ms. However, there was
appreciably greater noise in the D¼ 30 ms images, which
was particularly noticeable in the eigenvector maps. For
this reason only the D¼ 8 ms data are presented here.
The plots in Figs. 3 and 4 represent proﬁles of the maxi-
mum and mean diffusivity, eigenvector orientation q and FA
taken across the depth of the cartilage at a position marked
by the transect shown in Fig. 2(A). These are plotted as
a function of normalised depth from the articular surface.
Each point in the proﬁle is the average obtained from a rect-
angular ROI, approximately 2 pixels deep by w40e60
pixels wide, parallel to the articular surface. Error bars rep-
resent the standard deviation of the respective parameter in
thesew100 pixels. The location of the articular surface was
determined from the S0 image by determining the midpoint
of the change in the intensity proﬁle and creating a binary
mask which was then applied to the images.
Fig. 1. Spin echo image of bovine articular cartilage in saline con-
strained between two Teﬂon plugs to orient the normal to the
articular surface at an angle of 55( to B0. Matrix size 128 128,
FOV 20  20 mm, slice thickness 2 mm, TE/TR 13.3/500 ms,
acquired at 4.7 T. The ROI used for DTI analysis is shown in white.
The Teﬂon plugs were screw threaded for easy removal from the
NMR tube.
878 R. Meder et al.: Diffusion tensor imaging of cartilageFig. 2. Diffusion tensor images taken from the ROI of Fig. 1, showing (A) the maximum and (B) the mean diffusivity as determined by the
principal eigenvalues, (C) the angle of the principal diffusion eigenvector with respect to the normal to the articular surface (i.e. the direction
of greatest diffusion) and (D) the FA. A mask has been used to remove signal from saline surrounding the sample and from subchondral bone.
Sample orientation is the same as Fig. 1 in each case, with the articular surface facing towards bottom left. The white transect in image (A)
shows the approximate location of the proﬁles presented in Fig. 3. Diffusion weighting parameters were: TE¼ 13.3 ms, TR¼ 0.5 s, D¼ 8 ms,
d¼ 2 ms, G¼ 0.70 Tm1, and b¼ 1.10 109 s2 m1.Figure 3 compares the maximum diffusivity proﬁles for
DTI data obtained at 4.7 T using the PGSE and DIFFSE se-
quences. Similar agreement was seen for the mean diffusiv-
ity, FA and eigenvector proﬁles and validates the gradient
cross-term compensation scheme used for the DIFFSE se-
quence. Consequently results are presented for data ac-
quired using the DIFFSE sequence as supplied by Bruker.
The plots in Fig. 4 compare the average proﬁles of maxi-
mum and mean diffusivity, eigenvector orientation q and
FA (together with the standard deviations of those aver-
ages), for the 14 samples scanned at 7.0 T, pre- and
post-degradation. The proﬁles for each sample were calcu-
lated in the same way as described above for Fig. 3. Each
proﬁle was then interpolated to standardise the number of
data points and the average was then calculated across
all samples in their pre-degraded state. A second average
was calculated for samples in their degraded state.
Figure 5 shows the percentage change in maximum diffu-
sivity as a function of depth from the articular surface for the
average of the 14 samples imaged at 7.0 T. It was calcu-
lated by comparing the pre- and post-degradation eigen-
values for each sample and then plotting the average
percentage change in maximum eigenvalue and the corre-
sponding standard deviation of all samples. This shows that
trypsin treatment resulted in an increase in diffusivity ofFig. 3. Depth normalised proﬁle of the maximum diffusivity for diffu-
sion tensor images acquired at 4.7 T using the PGSE-prepared
spin echo (PGSE) and interleaved diffusion (DIFFSE) imaging
sequences (0 represents the articular surface and 1 represents
the cartilage subchondral bone interface). Standard deviations
show variations within the sample at each depth.
879Osteoarthritis and Cartilage Vol. 14, No. 9Fig. 4. Average depth normalised proﬁles through the cartilage of the parameters imaged in Fig. 2, for the 14 samples scanned at 7.0 T before
and after trypsin degradation. (A) The maximum and (B) the mean diffusivity, (C) the angle of the principal diffusion eigenvector with respect to
the normal to the articular surface and (D) the FA. Standard deviations show variation between the samples at each (normalised) depth.between 10 and 15% through most of the depth of the
cartilage.
Figure 6 compares the variation in optical absorbance fol-
lowing safranin-O staining for untreated samples with the
corresponding results for samples following trypsin treat-
ment. While untreated samples show a large variation in ab-
sorbance depending on the position in the sample, the
trypsin treated samples show a complete lack of staining
through the depth. The average depth of analysis (i.e. depth
of cartilage removed from the bone) was 75.4% for trypsin
treated samples (standard deviation 5.4%), and 79.8% for
untreated samples (standard deviation 10.1%) of the total
cartilage thickness as measured using MRI (where depth
is the normalised depth of section on the slide relative to to-
tal depth of section obtained by MRI).
Discussion
The data of Figs. 2(A) and 4(A) indicate that in our fresh
(untreated) samples of bovine articular cartilage the magni-
tude of the maximum diffusion eigenvalue gradually
decreased from around (1.95 0.18) 109 m2 s1 at the
articular surface and in the superﬁcial zone to a value of
approximately (1.08 0.11) 109 m2 s1 in the deep
zone. When compared using a (two tailed) Student’s t test
the difference in maximum diffusion eigenvalues between
the superﬁcial and deep zones was found to be statistically
signiﬁcant (P¼ 9 1010). Likewise the mean diffusivity
decreased from w(1.8 0.18) 109 m2 s1 near thearticular surface to w(0.79 0.15) 109 m2 s1 in the vi-
cinity of the subchondral bone, results which can be com-
pared with those of Filidoro et al.12 who recently obtained
values for mean diffusivity of 1.45 109 and 0.68
109 m2 s1 for the articular surface and ‘tide mark’, respec-
tively, in human cartilage at 9.4 T.
Fig. 5. Depth normalised proﬁles of the average percentage change
in maximum diffusivity for the 14 trypsin-degraded cartilage sam-
ples. Error bars represent standard deviations between the 14
samples studied.
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with trypsin is to increase water diffusivity at all depths in the
cartilage, with the effect being seen in both the maximum
diffusion eigenvalue [Figs. 4(A) and 5] and the mean eigen-
value [Fig. 4(B)]. The most pronounced increase in diffusiv-
ity of between 10 and 15% on trypsin degradation occurs in
the intermediate and deep zones. There appears to be less
change in diffusivity towards the superﬁcial layers, which
we attribute to the lower native proteoglycan content in
that region4, which is therefore less affected by trypsin deg-
radation. Previous studies by Xia et al.7 suggest that the
change in diffusivity seen after trypsin degradation may
not be purely due to GAG loss from the cartilage, but may
in part also be due to associated matrix degeneration.
These authors suggested that the increase in diffusivity
may be attributed to increased water mobility arising from
larger average pore sizes stemming from these changes7.
The average proﬁles of maximum and mean diffusivity be-
fore and after trypsin treatment in Fig. 4(A and B) were com-
pared using a (two tailed) Student’s t test for matched pairs
and found to be statistically signiﬁcant with P values of
2.4 106 and 1.1 1014, respectively. For individual
samples the differences in maximum eigenvalue proﬁles
before and after trypsin treatment were also statistically sig-
niﬁcant with a maximum P value of 0.0024 for any individual
sample.
Our optical absorbance microscopy data conﬁrm that sig-
niﬁcant proteoglycan loss occurred due to the trypsin treat-
ment. In Fig. 6, absorbance in safranin-O stained cartilage
samples that had not been degraded, ranged between
w0.5 in the superﬁcial and deepest regions, and reached
a maximum ofw2 at about one-third depth from the surface.
In comparison, absorbance in samples which had been
treated using trypsin was less thanw0.1 across the full depth
of the cartilage. This conﬁrms that the treatment with trypsin
removed the majority of proteoglycans from the samples.
Figures 2(C) and 4(C) show the orientation dependence
of the angle q between the principal eigenvectors corre-
sponding to the maximum diffusion eigenvalues, D1, and
the normal to the articular surface. An angle of 0(
Fig. 6. Proﬁles of absorbance in safranin-O stained samples, show-
ing the variation of absorbance between untreated and trypsin
treated cartilage samples with respect to normalised depth from
the surface. Untreated samples show large variations in absor-
bance both between samples and as a function of depth. Trypsin
treated samples show a complete lack of staining throughout sam-
ple. Trypsin treated: number of sections¼ 12; Untreated: number of
sections¼ 6. Error bars are 1 S.D.corresponds to the maximum component of the diffusion
tensor being normal to the articular surface, while an angle
of 90( corresponds to the maximum diffusion eigenvector
lying parallel to the plane of the articular surface. Note
that the q¼ 0( orientation corresponds to a unique direction
in space, while q¼ 90( includes all orientations in which the
direction of diffusion is parallel to the articular surface, irre-
spective of whether these lie in or out of the image plane.
No consistent changes in the proﬁles of eigenvector orien-
tation (q) proﬁle were observed due to trypsin degradation,
indicating that any matrix degeneration does not have a
major impact on overall collagen ﬁbre organisation.
From these results it can be seen that the principal com-
ponent of the diffusion tensor appears to be at around 75(
to the normal near the articular surface while in the deep
zone it appears to be at approximately 20( to the normal.
This corresponds to diffusion occurring with the least re-
striction almost parallel to the surface in the superﬁcial
zone while in the deep zone diffusion occurs with least re-
striction approximately normal to the surface. This trend of
increasing q values from the deep zone to the articular sur-
face was observed consistently in all the samples studied.
The fact that the limiting values are less than 90( at the
surface and greater than 0( in the deep zone reﬂects an
expected degree of disorder in the orientation of the
collagen ﬁbre bundles. Given that the architecture of the
collagen micro-ﬁbrillar bundles is such that they are ar-
ranged in arcades10,19, the direction of least restriction to
diffusion follows the general direction of the ﬁbre bundles in-
dicating that, as expected, water diffuses with least restric-
tion parallel to the collagen ﬁbres. In contrast, no consistent
pattern of eigenvector orientation was observed in the sa-
line solution and the average value of q observed for pixels
in the saline solution was found to be 55.7 5.1(, i.e. close
to the ‘magic angle’ as expected, since this represents an
isotropic average over all orientations.
The FA data of Figs. 2(D) and 4(D) show the diffusion to
be only mildly anisotropic on the timescale of the diffusion
experiment (D¼ 8 ms), with a trend for the diffusion to be in-
creasingly anisotropic in the deep zone of the cartilage. No
discernible change in FA proﬁle was observed due to tryp-
sin degradation. In an earlier study, Henkelman21 measured
bulk ADCs for bovine cartilage at three orientations (0, 55
and 90 degrees) of the sample with respect to the (1.5 T)
magnetic ﬁeld, but observed no signiﬁcant diffusion anisot-
ropy. However, their measurements were not spatially re-
solved, so the resulting superposition of ADCs for regions
of the sample with very different (local) ﬁbre orientations
is likely to have masked any overall orientation dependence
for the sample as a whole. In addition, at the TE of 26 ms
employed by these authors, components with short T2 re-
laxation times would not have contributed to the PGSE sig-
nals, particularly for the 0 and 90 degree sample
orientations, so the superposition of signals giving rise to
their observed ADCs would have been different for different
sample orientations. In contrast, all our measurements were
made at the 55 degree (magic angle) sample orientation,
speciﬁcally to ensure similar weightings for all regions of
the sample and to minimise any dependence of the results
on T2.
It should be noted that, in the presence of noise, the
choice of principal eigenvalues and eigenvectors is subject
to ‘sorting bias’22,23. This has the effect of artiﬁcially increas-
ing both maximum diffusion eigenvectors and FA, but does
not affect mean diffusivity. The effect is greatest in regions
of low FA and will also affect the allocation of maximum
diffusion eigenvectors. It was most likely responsible for
881Osteoarthritis and Cartilage Vol. 14, No. 9a non-zero average FA w0.06 observed for the saline
surrounding the samples. However, the effect is unlikely to
contribute signiﬁcantly to the observed change in eigenvec-
tor orientation q with depth, since the FA varies little over
the region where q changes most dramatically. The average
FA was also consistently higher in the proﬁles through the
cartilage than for an equivalent length proﬁle drawn at ran-
dom in the saline solution (P¼ 4.3 105). The extent of
thebias is a function ofSNR,makingorientationof the sample
at the ‘magic angle’ to the static magnetic ﬁeld, important to
minimise the effect. When the normal to the articular surface
is oriented parallel to B0 as employed by Filidoro et al.
12, sig-
nal ‘banding’ due to T2 anisotropy has the potential to affect
cartilage DTI data non-uniformly, although in their study this
was offset by availability of a higher ﬁeld strength and hence
better intrinsic SNR than for the present study.
Conclusions
We have demonstrated that analysis of the eigenvalues
and eigenvectors resulting from DTI can be used to probe
the microstructure of articular cartilage. Speciﬁcally we
have demonstrated that in bovine cartilage as in human car-
tilage12 the orientation of the maximum diffusion eigenvec-
tors reﬂects the gross arrangement of the collagen ﬁbre
bundles in arcades10,19. Furthermore the magnitude of diffu-
sion, as determined from the eigenvalues, is shown to de-
crease from the articular surface towards the deep zone,
while there is some indication that the FA increases in the
deeper cartilage layers. Our data extend the results of Fili-
doro et al.12 by showing that proteoglycan degradation
with trypsin results in observable increases in both the max-
imum and mean diffusivity. In contrast to the breakdown of
the collagen network which is believed to be irreversible,
proteoglycan degradation is known to occur in the early
stages of osteoarthritis and is thought to be a reversible pro-
cess, so its detection may be important in diagnosis24.
More generally, our results suggest a new approach to in-
vestigating changes in the microstructure and hydrodynam-
ics of cartilage resulting from enzymatic degradation or
naturally occurring arthritic decay. Speciﬁcally we propose
that the data obtained from the water self-diffusion tensor
can be used in comparative studies of ‘healthy’ and arthritic
cartilage, or to examine the effects of artiﬁcial degradation
of the extra-cellular matrix, in experiments aimed at better
understanding mechanisms of degradation.
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